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DETERMINATION O F  THE THERMAL CONDUCTIVITY, THE 

DENSITY) 
SPECIFIC HEAT AND THE WEIGHT BY VOLUME (GROSS 

O F  INSULATIONS FOR ROCKET TANKS FILLED 
WITH LIQUID HYDROGEN 

PART I. DESCRIPTION O F  MEASUREMENT PROCEDURE 

B. K o g l i n  and W . F .  Z imni  
E n t w i c k l u n g s r i n g  Nord (ERNO) , Bremen 

ABSTRACT: E x p e r i m e n t a l  r e s e a r c h  i n t o  i n s u l a t i n g  
foams a t  t e m p e r a t u r e s  down t o  tha t  o f  l i q u i d  hy -  
d r o g e n  ( 2 O 0 K ) .  I n  a d d i t i o n  t o  a g e n e r a l  s t u d y  
o f  the  i n s u l a t i o n  o f  t a n k  w a l l s  f o r  c r y o g e n i c  
h i g h - e n e r g y  r o c k e t  s t a t e s ,  a d e s c r i p t i o n  i s  
g i v e n  o f  v a r i o u s  m e a s u r i n g  me thods  o f  d e t e r -  
m i n i n g  the thermal  c o n d u c t i v i t y ,  the  s p e c i f i c  
heat and  t h e  d e n s i t y  o f  i n s u l a t i n g  m a t e r i a l s ,  
t o g e t h e r  w i t h  a c o m p r e h e n s i v e  r ev iew o f  the  l i t -  
e ra tu re .  

1 .  I n t r o d u c t i o n  

The  
H2/02 i s  a 
p r o b l e m s .  
p u l s e ,  i s  
I t s  s m a l l  

d e v e l o p m e n t  o f  h i g h - e n e r g y  f u e l  systems c o n t a i n i n g  - /4* 
s s o c i a t e d  w i t h  numerous t e c h n o l o g i c a l  and  thermodynamic  

L i q u i d  h y d r o g e n ,  i n  a d d i t i o n  t o  i t s  high s p e c i f i c :  Im- 
m o r e o v e r  c h a r a c t e r i z e d  by u n u s u a l  p h y s i c a l  p r o p e r t i e s .  
d e n s i t y  ( P  = 70  kg/rn3) i s  the  c a u s e  o f  a l a rge  t a n k  

s u r f a c e - t o - u n i t - m a s s - o f - f u e l  r a t i o  and  t h i s  i n  t u r n ,  combined 
w i t h  t he  low c o n d e n s a t i o n  t e m p e r a t u r e  o f  20°K, l e a d s  t o  a high 
hea t  i n p u t .  T h i s  high h e a t - f l u x  d e n s i t y  i n d u c e s  the  c o n d e n s a t i o n  
o f  a i r  on t h e  o u t e r  w a l l  o f  n o n i n s u l a t e d  f u e l  t a n k s .  The heat o f  
v a p o r i z a t i o n  w h i c h  i s  l i b e r a t e d  d u r i n g  t h i s  c o n d e n s a t i o n  i s  
t r a n s f e r r e d  t o  the hydrogen  a n d  i n d u c e s  such a n  i n t e n s i v e  v a p o r i -  
z a t i o n  tha t  a n o n i n s u l a t e d  h i g h - e n e r g y  r o c k e t  s tage i s  r e n d e r e d  
u se l e s s .  It i s  f o r  t h i s  v e r y  r e a s o n  that  i t  i s  n e c e s s a r y  t o  i n -  
s u l a t e  s u c h  t a n k  w a l l s .  

The w e i g h t  of  the  t h e r m a l  i n s u l a t i o n ,  t he  v a p o r i z e d  f u e l ,  
as w e l l  as the r e s u l t i n g  added t a n k  w e i g h t  r e m a i n  i n  a f u n c -  
t i o n a l  i n t e r r e l a t i o n s h i p  t o  o n e  a n o t h e r  and  r e s u l t  i n  a l o s s  o f  
useful p a y l o a d .  T h i s  p a y l o a d  loss i n  t u r n  i n d u c e s  a d r o p  i n  the 
high s p e c i f i c  i m p u l s e  o f  l i q u i d  hydrogen .  

~ ~~ 

* N u m b e r s  i n  t he  marg in  i n d i c a t e  p a g i n a t i o n  i n  t he  f o r e i g n  
t e x t .  
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Consequently, from the previous discussion we find that the /8 
thermal insulation of high-energy rocket tanks r e q u i r e s 
following properties [ 1 7  3:  

1 .  low volume density; 
2. low heat-conductance coefficient, also at temperatures 

3. sufficient structural strength in order to withstand 

4. sufficient elasticity at low temperatures. 

below the boiling point of air; 

aerodynamic loads; 

Table I gives the properties of some important low-tempera- 
ture thermal insulation materials. When high-energy fuel systems 
were first developed, there existed only two types of thermal 
insulation which satisfied the above-mentioned requirements. 

These were the cork insulators and open-cell foams. The 
open-cell structure has proved to be disadvantageous, in particu- 
lar in the case of foams. Let the example of polyurethane foam 
retrace the interesting development of insulators. The poly- 
urethane foams have been appreciably improved by substituting for 
C02 fluorotrichloromethane ( R  1 1 )  as the foaming agent [4, 1 9 ,  
20, 341. This substitution yielded the following advantages: 

thus to a l l  intents and purposes impossible in the case of cracks 
existing in the insulator layer; 

R 1 1  in the cells remains constant over a period of several 
years. The resistance to air diffusion is somewhat lower. How- 
ever, it takes some weeks before a steady state is established 
with the surrounding air; 

1. closed cells. Condensation of air on the tank wall is 

2. higher resistance to diffusion. The concentration of 

3. higher structural strength; 
4 .  lower heat conductivity- A s  s r r . i l l z r  -v r~ l - ix is  d e n s i t i e s  

are obtained, the insulating effect remains good even after the 
air has diffused in. By introducing an outer sealing layer which 
would be characterized by a high resistance to diffusion, the 
rush of air may be inhibited and the low heat conductance of the 
heavier R 11  gas can then be utilized. F o r  the sake o f  comparison 
let us observe the following heat conductance coefficients at 
20°C [ 1 9 ] :  

Polyurethane foamed with CO open cell: 2' 

X = 0.032 kcal/m*hr*deg 

Polyurethane foamed with R 11, closed cells, immediately 
after preparation : 

X = 0.017 kcal/m=hr.deg 

After diffusion of air, some weeks later: 

X = 0.023 kcal/m*hr*deg 

La 
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T a k i n g  i n t o  c o n s i d e r a t i o n  the r e q u i r e m e n t s  t h a t  a t h e r m a l  
i n s u l a t o r  f o r  r o c k e t  t a n k s  m u s t  s a t i s f y ,  u n d e r  s i m p l i f y i n g  as- 
s u m p t i o n s ,  o n e  can d e r i v e  the f o l l o w i n g  e v a l u a t i o n  c o e f f i c i e n t ,  
namely  K i s  = X t P .  It i s  c l e a r  that  a n  o p t i m a l  i n s u l a t i o n  i s  con-  
s i d e r e d  t o  be one  f o r  w h i c h  K i s  h a s  the l o w e s t  value.  

2 .  D e t e r m i n a t i o n  o f  H e a t  Conduc tance  C o e f f i c i e n t  
& 

2 . 1 .  C h o i c e  of the d e t e r m i n a t i o n  method.  The  e x p e r i m e n t a l  
d e t e r m i n a t i o n  of t h e  heat  c o n d u c t a n c e  c o e f f i c i e n t  o f  s o l i d s  has 
a t  i t s  d i s p o s a l  a large number o f  v a r i o u s  p r e v i o u s l y  d e v e l o p e d  
p r o c e s s e s  w h i c h ,  b r o a d l y  s p e a k i n g ,  m a y  be d i v i d e d  i n t o  two f u n d a -  
m e n t a l  c l a s s e s ,  name ly  t h o s e  whose t e m p e r a t u r e  d i s t r i b u t i o n  i s  
s t e a d y  a n d  t h o s e  whose t e m p e r a t u r e  d i s t r i b u t i o n  i s  n o t  s t e a d y .  
Nons  t e a d y  me thods  have the d i s a d v a n t a g e  t h a t  the t e m p e r a t u r e  con-  
d u c t a n c e  c o e f f i c i e n t  a = A * ( c * P ) - '  i s  measu red  s o  that  i n  o r d e r  
t o  d e t e r m i n e  t he  hea t  c o n d u c t a n c e  c o e f f i c i e n t  w e  r equ i r e  the  
knowledge  of  t he  s p e c i f i c  heat c and  the  d e n s i t y  (when d e a l i n g  
w i t h  p o r o u s  m e d i a ,  the "bulk d e n s i t y v f ) .  T h i s  c o n t r a s t s  w i t h  t h e  
u t m o s t  a d v a n t a g e  of  t h e  s h o r t  measurement  t i m e s .  S t a t i o n a r y  
m e t h o d s ,  on the o t h e r  h a n d ,  y i e l d  t he  h e a t - c o n d u c t a n c e  c o e f f i c i e n t  
d i r e c t l y ,  s o  that  u n d e r  c o m p a r a b l e  c o n d i t i o n s  g rea te r  a c c u r a c y  
m a y  be a c h i e v e d .  Long measurement  t i m e s ,  w h i c h  a r e  the  c o n s e -  
q u e n c e  o f  the  t e m p e r a t u r e  e q u i l i b r i u m  r e q u i r i n g  h o u r s  o r  even  
d a y s  t o  be a t t a i n e d ,  a re  the p e n a l t y  f o r  the a d v a n t a g e s  d e s c r i b e d  
p r e v i o u s l y .  I n  the f o l l o w i n g ,  t h e r e f o r e ,  w e  c o n s i d e r  the l a t t e r  
method.  

W e  are o n l y  c o n s i d e r i n g  s y s t e m s  f o r  w h i c h  a s i m p l e  s o l u t i o n  
o f  t h e  known F o u r i e r  d i f f e r e n t i a l  e q u a t i o n  i s  a v a i l a b l e ,  i . e .  
p l a n e  p a r a l l e l ,  i n f i n i t e  l a m i n a  ( o n e - d i m e n s i o n a l  h e a t  f l u x ) ,  i n -  
f i n i t e l y  l o n g  c y l i n d r i c a l  t u b e s a n d  s o l i d  s p h e r e s .  However ,  as 

s p h e r e  o r  a tube,  i t  a p p e a r s  that the l a m i n a  p r o c e s s  i s  the  best  
one  u n d e r  the c i r c u m s t a n c e s ,  e spec ia l ly  as  i t  had b e e n  compre-  
h e n s i v e l y  d e s i g n e d  as p e r  D I N  52612 ( " D e t e r m i n a t i o n  o f  H e a t  Con- 
d u c t a n c e  u s i n g  the  Lamina A p p a r a t u s " )  and  i n  the ASTM D e s i g n a t i o n  
C 177-45 ( " S t a n d a r d  Method o f  T e s t i n g  f o r  The rma l  C o n d u c t i v i t y  
o f  M a t e r i a l s  by means o f  the  G u a r d e d  Hot  P l a t e " ) .  The c o n s t r u c -  
t i o n  o f  a f l t w o - p l a t e f f  a p p a r a t u s  i s  shown i n  Fig.  1 .  

_- I U ~ L J ~  ---- i n s u i a t o r s  c o u l d  be a p p r o x i m a t e d  o n l y  w i t h  d i f f i c u l t y  t o  t he  

Two p l a t e - l i k e  s a m p l e s  a r e  p l a c e d  s y m m e t r i c a l l y  on e a c h  s i d e  
of  a h e a t e d  p l a t e .  H e a t  i s  a b s t r a c t e d  f r o m  the o u t s i d e  surfaces  /10 
of  the  s a m p l e s  by means o f  c o o l i n g  p l a t e s .  I n  o r d e r  t o  p r e v e n t  
heat l o s s e s  t o  the s i d e s  and  i n  o r d e r  t o  o b t a i n  a o n e - d i m e n s i o n a l  
heat f lux a t  the c e n t e r s  o f  the s a m p l e s ,  the m a i n h o t p l a t e  i s  sur- 
rounded  by a n  aux i l i a ry  h e a t i n g  r i n g ,  whose heat o u t p u t  m a y  be 
r e g u l a t e d  i n  such a manner  t ha t  t h e  i n n e r  r i d g e  s u r f a c e  i s  a t  t he  
s a m e  t empera tu re  as the p r i n c i p a l h o t p l a t e .  When the c o o l i n g  
p l a t e s  a r e  a t  a n  equal t e m p e r a t u r e ,  c o m p l e t e  symmetry e x i s t s  
w i t h  r e s p e c t  t o  t h e  c e n t e r  p l a n e  a n d  the heat f l o w s  a t  a n  equal 
r a t e  t h r o u g h  the two p l a t e s  i n v e s t i g a t e d .  The measurement  o f  t h e  
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( e l e c t r i c a l )  power i n p u t  t o  the p r i n c i p a l h o t p l a t e  a n d  t h e  
measurement  o f  t he  s u r f a c e  t e m p e r a t u r e s  o f  the s a m p l e s  s u f f i c e s  
f o r  the d e t e r m i n a t i o n  o f  the  h e a t - c o n d u c t a n c e  c o e f f i c i e n t .  

When us ing  the o n e - p l a t e  method,  the h o t  p l a t e  i s  s c r e e n e d  
off a t  i t s  u n d e r s i d e  by a c o u n t e r  heat h o t  p l a t e .  The heat o u t -  
p u t  o f  the c o u n t e r h o t  p l a t e  i s  a d j u s t e d  s o  that  b e t w e e n  i t  and  
the  p r i n c i p a l  h o t  p l a t e  t h e r e  e x i s t s  n o  t e m p e r a t u r e  g r a d i e n t .  I n  
t h i s  manner  the t o t a l  h e a t  a b s t r a c t e d  f rom t h e  main  
h o t  p l a t e  i s  f o r c e d  t o  f l o w  t h r o u g h  the  s a m p l e .  The e x p e r i m e n t a l  
set-up f o r  *he one-plate p r o c e s s  i s  shown i n  F ig .  2. 

The p l a t e  me thods  have been  u s e d  r e p e a t e d l y  f o r  the  d e t e r -  
m i n a t i o n  o f  heat c o n d u c t a n c e s  o f  t h e r m a l  i n s u l a t o r s  a t  l o w e r  
t e m p e r a t u r e s  [ 1 ,  1 7 ,  2 2 ,  40, 64,  7 1 ,  843. The o r d i n a r y  p r o c e s s  
m a y  be u s e d ,  w i t h o u t  a n y  d i f f i c u l t i e s ,  down t o  the t e m p e r a t u r e  
o f  -1OOOC but  t he  w a t e r  m u s t  b e  s u b s t i t u t e d  f o r  by a n o t h e r  c o o l -  
i n g  l i q u i d ,  e.g.  a l c o h o l ,  p r o p a n e  o r  p e n t a n e .  A t  s t i l l  l o w e r  
t e m p e r a t u r e s ,  l i q u e f i e d  gases a r e  v a p o r i z e d  on the c o o l i n g  p l a t e .  
S i n c e  t h i s  g i v e s l i t t l e  c o n t r o l  o v e r  t he  v a p o r  p r e s s u r e ,  t he  t e m -  
p e r a t u r e  o f  the  c o o l i n g  p l a t e  r e m a i n s  c o n s t a n t .  A v a r i a t i o n  o f  
t he  mean t e m p e r a t u r e  (wh ich  i s  t h e  average t e m p e r a t u r e  o f  the  
two u p p e r  s u r f a c e  t e m p e r a t u r e s  o f  t h e  s a m p l e )  i s  t h e r e f o r e  o n l y  
p o s s i b l e  by varying the h o t - p l a t e t e m p e r a t u r e .  T h e s e  d i f f i c u l t i e s  
m a y  h o w e v e r . , $ Q : . ~ i r c ~ ~ e n t e ~  when, i n s t e a d  of a l i q u i d ,  a gas i s  
u s e d ,  f o r  example  air, as t h e  c o o l a n t .  

The  Phklips gas r e f r i g e r a t o r  w h i c h  w a s  a t  o u r  d i s p o s a l  a t  
the Thesrnodynamios I n s t i t u t e  a l l o w e d  us, i n  a c o l d  ches t ,  t o  
m a i n t a i n  a n y  temperature i n  the  r a n g e  be tween  the a m b i e n t  t e m -  
p e r a t u r e  an'd -1800C w i t h  an a c c u r a c y  o f  + l 0 C .  A s m a l l  f a n  s u c k s  
a i r  o u t  o f  the cold s p a c e  a n d  b l o w s  i t  a g a i n s t  the c o o l i n g  p l a t e .  
'l'he t e m p e r a t u r e  f l u c t u a t i o n s  which  w e r e  c a u s e d  by i n s u f f i c i e n t l y  
a c c u r a t e  t e m p e r a t u r e  c o n t r o l  o f  t h e  c o l d  s p a c e  w e r e  compensa ted  
f o r  by a n c i l l a r y  h e a t i n g  in the air s t r e a m .  The s c h e m a t i c  ex- 
p e r i m e n t a l  s e t - u p  i s  shown i n  F i g .  3 .  

_ _  

The p l a t e  a p p a r a t u s  p r o p e r  i s  shown a g a i n  in Fig .  4, S i n c e  
the t h e r m a l  i m s u l a k o r  w a s  t o  be t e s t e d  also u n d e r  r e d u c e d  
p r e s s u r e ,  d u e  t o  l a c k  o f  s p a c e  p a r t i c u l a r l y ,  o n l y  t h e  o n e - p l a t e  
method c o u l d  b e  c o n s i d e r e d .  C o n s e q u e n t l y  t h e  r e g u l a t i o n  r equ i r e -  
men t s  became more s t r i n g e n t .  

The c o o l i n g  p l a t e  w a s  made o f  brass and  w a s  a b o u t  18 mm /11 
t h i c k  i n  o r d e r ,  t o  dampen r e s i d u a l  t e m p e r a t u r e  f l u c t u a t i o n s  and  
t o  e n s u r e  vn i form temperature  on the s i d e  f a c i n g the  
s a m p l e .  S i n c e  +he o b s t r u c t . e d  h e a t  w a s  o f  t h e  o r d e r  of m a g n i t u d e  o f  
1 w a t t ,  spec ia l  c o o l i n g  vanes on t h e  a i r  s i d e  w e r e  found  t o  be 
s u p e r f l u o u s  . 

The d i a m e t e r  o f  the p r i n c i p a l h o t p l a t e  i s  1 5 0  mm. A c c o r d i n g  
t o  D I N  52612 ,  the  a l l o w a b l e  sample t h i c k n e s s  i s  t o  be be tween  
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5 and  1 4  mm. The hot  plates  wh ich  w e r e  5 mm t h i c k  c o n s i s t e d  o f  
two s o l d e r e d  c o p p e r  p l a t e s  (Fig.  5 ) .  The g r o o v e s  o f  the  t h i c k e r  
p l a t e  c o n t a i n e d  m i n i a t u r e  s h i e l d e d  h e a t i n g  e l e m e n t s  made by 
P h i l i p s .  The c o u n t e r  h o t  p l a t e  was s e p a r a t e d  f r o m  the p r i n c i p a l  
h o t  p l a t e b y  a layer  o f  i n s u l a t o r ,  i n  o r d e r  t o  k e e p  t he  heat  f l u x  
s m a l l  s h o u l d  a t e m p e r a t u r e  g r a d i e n t  e x i s t  b e t w e e n  t h e m ,  a n d  w e l l  
i n s u l a t e d  a t  i t s  u p p e r  s i d e  t o  a v o i d  a heat  l o s s  i n  t ha t  d i r e c -  
t i o n .  F o r  the s a m e  r e a s o n  the  space be tween  the p l a t e s  a n d  t he  
w a l l s  of t he  vacuum chamber w a s  f i l l e d  w i t h  a p o w d e r - l i k e  i n -  
sula t o r .  

2 . 2 .  Measurement  a n d  C o n C r o l  A p p a r a t u s  

2 . 2 . 1 .  A d d i t i o n a l  t e m p e r a t u r e  c ~ n t r o l .  A s  has 
a l r e a d y  b e e n  m e n t i o n e d ,  the  t e m p e r a t u r e  o f  the a i r  i n  the 
c o l d  s p a c e  f l u c l m a t e s  by + I o C .  W i t h o u t  a d d i t i o n a l  t e m p e r a t u r e  
c o n t r o l ,  w e  would have t o  use a very t h i c k  c o o l i n g  p l a t e  i n  
o r d e r  t ha t  the  t e m p e r a t u r e  v a r i a t i o n s  a t  t h e  s a m p l e  s i d e  o f  t he  
p l a t e  be b r o u g h t  down t o  a manageab le  m a g n i t u d e .  A s  t h i s  i s  
i m p o s s i b l e ,  however ,  w e  have i n s t a l l e d  a r e g u l a t o r  c o n s i s t i n g  o f  
a r e s / s t a n c e  t h e r m o m e t e r  a n d  a b r i d g e  a r r a n g e m e n t  ( t h e r m i s t o r  w i t h  
s e n s o r  G o f  the  H a a k e  Co., B e r l i n )  t o  c o n t r o 1 t h i s  
a n c i l l a r y  h e a t i n g  (Fig.  6 ) .  

2 . 2 . 2 .  P l a t e  h e a t i n g .  In o r d e r  t o  achieve a c o n s t a n t  
heat f l u x  t h r o u g h  the s a m p l e ,  w e  r e q u i r e  n o t  o n l y  a c o n s t a n t  
s u r f a c e  t e m p e r a t u r e  o f  the  s a m p l e  on t h e  c o o l i n g  s i d e  but a l s o  a 
c o n s t a n t  s u r f a c e  t e m p e r a t u r e  on t h e  h e a t i n g  s i d e .  In o r d e r  t o  
e n s u r e  t h i s ,  t h e  power t o  the  p r i n c i p a l  h o t p l a t e  i s  o b t a i n e d  f rom 
a d i r e c t  c u r r e n t  s t a b i l i z e r  ( P h i l i p s  d i r e c t  c u r r e n t  power s u p p l y  
PE 4803) w h i c h  i s  a b l e  t o  m a i n t a i n  a s e t  r e q u i r e d  DC v o l t a g e  w i t h  

e - c c c r ~ - - r  “ U Y  cf +o.I$.   he heat  si i tpii t  is tneasured by a i i g n t  
s p o t  power  meter  ( c l a s s  0 . 1 ,  Hartmann and  Braun C o . )  (F ig .  7 ) ;  /12 
f o r  very low heat o u t p u t s  t h i s  may p r o b a b l y  be r e p l a c e d  
by an o r d i n a r y  c u r r e n t - v o l t a g e  measurement .  

The  s a m e  power s u p p l y  f e e d s  t h e a u x i l i a r y  a n d  c o u n t e r  h e a t -  
e r s .  H e r e ,  however,  w e  need  a s p e c i a l  r e g u l a t o r  s i n c e ,  as a l r e a d y  
m e n t i o n e d ,  be tween  the p r i n c i p a l h o t p l a t e  on the o n e  hand a n d  
the c o u n t e r -  a n d  the a u x i l i a r y  h o t  p l a t e  on t he  o t h e r ,  t he  
t e m p e r a t u r e  g r a d i e n t  i n  the  w o r s t  c a s e  i s  o n l y  a l l o w e d  t o  be very 
s m a l l .  In o r d e r  t o  e n s u r e  t h a t  t h i s  i s  i n d e e d  s o ,  w e  measu red  
the t e m p e r a t u r e  d i f f e r e n c e  be tween t h e  o u t e r  s u r f a c e s  o f  t he  
p l a t e  by means of s eve ra l  t h e r m o c o u p l e  e l e m e n t s  i n  s e r i e s  (Fig.  8 )  
w h i c h  w e r e  c o n n e c t e d  t o  a v e r y  s e n s i t i v e  l i g h t  s p o t  g a l v a n o m e t e r  
w h i c h  i n  t u r n  a c t i v a t e d  a p h o t o e l e c t r i c  r e l a y  i n  o r d e r  t o  t u r n  on 
or o f f  a s m a l l  p a r t  o f  the  h e a t i n g  s y s t e m .  (F ig .  7 shows 
o n l y  the r e g u l a t i o n  a p p a r a t u s  f o r  the  auxi l iary h e a t i n g . )  I 

2 . 2 . 3 .  T e m p e r a t u r e  measurement .  The  t e m p e r a t u r e  d i f -  
f e r e n c e  b e t w e e n  t h e h o t  a n d  the c o l d  s i d e s  o f  the  s a m p l e  p l a t e ,  
w h i c h  i s  of  s p e c i a l  i m p o r t a n c e  f o r  t he  f i n a l  r e s u l t ,  w a s  a l s o  
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d e t e r m i n e d  by means o f  t h e r m o c o u p l e  e l e m e n t s .  O u r  i n d i c a t o r ,  
p r i n c i p a l l y ,  w a s  a v o l t m e t e r  w i t h  a b u i l t - i n  t r a n s i s t o r  a m p l i f i e r  
h a v i n g  a measurement  a c c u r a c y  o f  0.2% ( K n i c k  C o .  , B e r l i n ) .  

2 . 2 . 4 .  Vacuum. W e  a l s o  p l a n  t o  i n v e s t i g a t e  the heat 
c o n d u c t i v i t y  o f a  t h e r m a l  i n s u l a t o r  a t  v a r i o u s  vacuum p r e s s u r e s .  
S p o r a d i c ,  a c c u r a t e  measu remen t s  o f  p r e s s u r e  w e r e  made u s i n g  a 
v a c u o m e t e r  l i k e  t h e  o n e  used  by K a m m e r e r .  

The i n d i c a t o r  w a s  the Thermotron  I1 (Leybo ld  C o . ) .  S i m u l -  
t a n e o u s l y ,  u s i n g  a n  auxi l ia ry  T o r r o s t a t  a n d  a s o l e n o i d  va lve ,  w e  
c o n t r o l l e d t h e  p r e s s u r e  i n  the r e c e i v e r  (Fig.  9 ) .  

2.2.5. R e c o r d i n g ,  In o r d e r  t o  r e c o r d  a l l  the impor-  
tant: measurement  a n d  c o n t r o l  values , w e  u s e d  a 1 2 - c o l o r  
c o m p e n s a t i o n  d o t  p r i n t e r  (Kompensograph P 2 8 8  x 2 8 8 ,  S iemens  
C o . ) .  Due t o  a n  advanced  a u t o m a t i o n  o f  r e g u l a t i o n  l o o p s  a n d  be- 
c a u s e  o f  the  above -men t ioned  r e c o r d e r ,  i n  s p i t e  o f  t he  l o n g  d u r a -  
t i o n  o f  e x p e r i m e n t s , d e m a n d s  on  p e r s o n n e l  w e r e  r e d u c e d  t o  a m i n i -  
m u m .  

3. Mechanism o f  H e a t  T r a n s D o r t  i n  T h e r m a l  I n s u l a t o r s  /13 
i n  L i g h t  o f  the Conducted  E x p e r i m e n t  

The heat c o n d u c t i v i t y  o f  po rous  t h e r m a l  i n s u -  
l a t o r s  i s  a f u n c t i o n  o f  c o n t r i b u t i o n s  d u e  t o  r a d i a t i o n  X 
( s t r a h l u n g ) ,  c o n d u c t a n c e  i n  s o l i d s  k f  ( f e s t )  , gas c o n v e c f i o n  k, 
a n d  c o n d u c t a n c e  i n  gas Xg [ 5 6 ] .  

The  c o n t r i b u t i o n  o f  r a d i a t i o n  when d e a l i n g  w i t h  t h i n  layers  
o f  i n s u l a t i o n  c a n  a s s u m e  a p p r e c i a b l e  m a g n i t u d e .  The r a d i a t i o n  
p r o p e r t i e s  o f  the c o o l i n g  and  t h e h o t  p l a t e  a r e  o f  u t m o s t  i m p o r t -  
a n c e  f o r  the r e s u l t s  o f  the  e x p e r i m e n t .  I n  g e n e r a l ,  i n  c o m p l i a n c e  
w i t h  p r e v a i l i n g  p h y s i c a l  c o n d i t i o n s ,  e m i s s i v i t i e s  o f  6 m 0.85 a r e  
recommended. As i n  o u r  c a s e ,  when w o r k i n g  w i t h  a luminum w e  m a y  
t a k e  8 M 0.05 as a n  i n s u l a t i o n  l i m i t i n g  va lue ,  t h i s  f a c t  i s  t o  be 
t a k e n  i n t o  c o n s i d e r a t i o n  w h i l e  p e r f o r m i n g  o u r  e x p e r i m e n t .  By  
v a r y i n g  the t h i c k n e s s  o f  the i n s u l a t o r  s a m p l e ,  w e  a r e  able  t o  
achieve the  s a m e  r a d i a t i o n  p r o p e r t i e s  as i n  [ 5 5 ] .  

The  heat c o n d u c t a n c e  i n  s o l i d s  i s  r e l a t i v e l y  low.  W i t h o u t  
t a k i n g  much t r o u b l e  i t  m a y  be checked by f i l l i n g  the i n s u l a t o r  
w i t h  v a r i o u s  gases o r  by e v a c u a t i n g  i t  when u s i n g  a n  open  c e l l  
m a t e r i a l .  H e a t  t r a n s p o r t  by c o n v e c t i o n  becomes a p p r e c i a b l e  o n l y  
when the  m a t e r i a l  c o n t a i n s  large p o r e s  or when there  a re  large 
t e m p e r a t u r e  g r a d i e n t s  and i n  most  c a s e s  i t  m a y  b e  n e g l e c t e d .  

Most i m p o r t a n t  for heat t r a n s p o r t  i s  the c o n t r i b u t i o n  o f  
heat  t r a n s f e r  i n  gas. By f i l l i n g  t he  i n s u l a t o r s  w i t h  heavy gases 
( f o r  example  R 1 1 ,  see a b o v e )  one m a y  c u t  down a n  heat t r a n s f e r .  
O n  the o t h e r  h a n d ,  o n e  m a y  a t t e m p t  t o  s e t  the  d i m e n s i o n s  o f  the 
s p a c e s  o c c u p i e d  by gas t o  be s m a l l e r  t h a n  the  mean f r e e  p a t h  o f  
t he  gas m o l e c u l e s  or t o  i n c r e a s e  the mean f r e e  p a t h  by l o w e r i n g  
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t he  p r e s s u r e ,  

4 .  D e t e r m i n a t i o n  o f  S p e c i f i c  Heat  

A s  w a s  the  case w i t h  t h e  d e t e r m i n a t i o n  o f  heat c o n d u c t i v i t y  
here t o o ,  two f u n d a m e n t a l l y  d i s t i n c t  me thods  a r e  a v a i l a b l e  t o  us .  

It would a p p e a r  tha t  t he  s p e c i f i c  h e a t  may b e  d e t e r m i n e d  
by u s i n g  the well-known m e t h o d s ,  S i n c e ,  however ,  when d e a l i n g  
w i t h  t h e r m a l  i n s u l a t o r s  t he  t e m p e r a t u r e  equ i l ib r ium i s  e s t a b l i s h e d &  
o n l y  a f t e r  a n  a p p r e c i a b l e  l a p s e  o f  t i m e ,  s p e c i a l  m e a s u r e s  have t o  
be a d o p t e d  [ 9 O ,  921. One method ava i lab le  t o  us i s  t o  p u l v e r i z e  
and  compress  t he  s a m p l e  u n d e r  h i g h  p r e s s u r e  i n t o  a p i l l  and  t h e n  
t o  d e t e r m i n e  i t s  heat c a p a c i t y  i n  a m e t a l  c a l o r i m e t e r .  One m a y  
a l s o  use a r o t a t i n g  drum as a c a l o r i m e t e r  w h e r e  the  tempera ture  
e q u i l i b r i u m  i s  a c h i e v e d  by means o f  a c o n t i n u a l  m i x i n g  o f  t h e  
powdered i n s u l a t o r  m a t e r i a l .  

The  o t h e r  method i s  a n o n s t a t i o n a r y  p r o c e s s  ( s ee  a b o v e )  
w h i c h  i s  a l s o  e s p e c i a l l y  a d v a n t a g e o u s ,  b e c a u s e  when r e q u i r e d  t o  
compute the h e a t i n g  c u r v e  o f  t h e  r o c k e t  s k i n  as t i m e  g o e s  o n ,  
w e  a r e  first o f  a l l m o s t l y  i n t e r e s t e d  i n  t he  t e m p e r a t u r e  c o e f f i -  
c i e n t .  There a r e  a number o f  d i f f e r e n t  me thods  [73,  7 4 ,  7 9 ,  851 
among w h i c h  the s o - c a l l e d  " n o n s t a t i o n a r y  p l a t e  p r o c e s s "  s e e m s  t o  
be the m o s t  u se fu l .  The s a m p l e ,  i n  t h i s  p r o c e s s ,  i s  imbedded 
be tween  two h o t  p l a t e s  w h i c h  t h e n  s u d d e n l y  a r e  h e a t e d .  F r o m  the 
g r a p h  s h o w i n g t e m p e r a t u r e  a t  the c e n t e r  of the  s a m p l e  v s .  
t i m e ,  w e  are ab le  t o  f i n d  the t e m p e r a t u r e  c o n d u c t i v i t y .  

5 .  D e t e r m i n a t i o n o f  Volume D e n s i t y  ( B u l k  D e n s i t v )  

The  volume d e n s i t y  i s  d e t e r m i n e d  hy weighing =rcd c ? n t e r r n ~ n ~ -  
t i o n  o f  t he  volume.  When d e a l i n g  w i t h  s a m p l e s  w i t h  f a i r l y  smoo th  
a n d  regular  s u r f a c e s ,  w e  c a n  d e t e r m i n e  t he  volume w i t h  s u f f i c i e n t  
a c c u r a c y  by m e a s u r i n g  t he  d i m e n s i o n s  o f  t he  s a m p l e .  For very 
s m a l l  s a m p l e s  a volumometer  m a y  be used. O f  c o n s i d e r a b l e  i m -  
p o r t a n c e  f o r  the  d e t e r m i n a t i o n  of  b u l k  d e n s i t y  (as  w e l l  as h e a t  
c o n d u c t i v i t y )  i s  the m o i s t u r e  c o n t e n t  o f  the  s a m p l e s .  I n  o r d e r  t o  

g a t e d .  A c c o r d i n g  t o  D I N  52612, the d r y i n g  s h o u l d  take p l a c e  i n  
a n  oven a t  1 0 5 O C  o r  when u s i n g  s e n s i t i v e  m a t e r i a l s  i n  a d e s i c c a t o r .  
In o r d e r  t o  d r y  some P205 w e  u s e d  a vacuum d e s i c c a t o r .  

6 .  a m m a r v  

achieve c o m p a r a b l e  r e su l t s ,  o n l y  d r y  s a m p l e s  c o u l d  be i n v e s t i -  /17 

To d e t e r m i n e  t he  h e a t c o n d u c t i v i t y  o f  t h e r m a l  i n s u -  
l a t o r s  a n d  i n s u l a t o r  m a t e r i a l s  o f  c o n s t r u c t i o n ,  w e  have found  the  
" o n e - p l a t e V 1  p r o c e s s  e s p e c i a l l y  a d v a n t a g e o u s .  The d e s i g n  a n d  t he  
d e s c r i p t i o n  of the  o p e r a t i o n  o f  t h e  t e s t i n g  s y s t e m are  
r e s t r i c t e d  t o  e x p e r i m e n t s  i n  a t e m p e r a t u r e  r a n g e  f r o m  1 0 0 ° K  t o  
3 0 0 0 K .  When the i n v e s t i g a t i o n  t e m p e r a t u r e  r a n g e  w a s  e x t e n d e d  down 
t o  20°K, a new t e s t i n g  u n i t had t o  be  d e v e l o p e d  f o r  



tha t  p u r p o s e ,  but the p r i n c i p l e  o f  m e a s u r e m e n t s  r ema ined  un-  
changed .  
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t h i s  i n v e s t i g a t i o n .  
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T a b l e  11: K e v  t o  Head ings  

a b e n d i n g ,  a c c o r d i n g  t o  DIN 53423 (kp-cm-2)  

b n o t c h ,  a c c o r d i n g  t o  DIN 53453 (kp*cm-2)  

C shear,  a c c o r d i n g  t o  DIN 53422 (kp*cm-2)  

d E-modulus f rom b e n d i n g  t e s t  (kg*cm-2)  

e c o m p r e s s i o n ,  a c c o r d i n g  t o  D I N  53421 (kp’cm-2)  

f t e n s i o n ,  a c s o r d i n g  t o  DIN 53571 (kp*cm-2)  

g foam m a t e r i a l  d e s i g n a t i o n  

h 

i a p p l i c a b l e  t e m p e r a t u r e  r a n g e  ( C )  

k 

1 

m 

n mean t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  

0 b u l k  d e n s i t y  heat  c o n d u c t a n c e  

P p e r  c e n t  w a t e r - v a p o r  i n t a k e  ( V o l .  ’$) 
r 

9 p o r e  s i z e  ( m m )  

t p o r e  s t r u c t u r e  

r a n g e  o f  b u l k  d e n s i t y  ( k p - ~ n - ~ )  

heat c o n d u c t a n c e  = f (mean t e m p e r a t u r e )  ( k c a l - l h r “  OC-’) 

r a n g e  o f  heat  c o n d u c t a n c e  (kca l - ’h r - l °C- ’  ) 
s p e c i f i c  hea t  a t  O°C ( k c a l * k g - l o C - l )  

0 

w a t e r  -vapor /d  i f fus  i on -1: e s  i s  t a n  c e c o ef f i c i en  t 
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I a u x i l i a r y  h e a t i n g  

Figure 1 .  

boundary  i n s u l a t i o n  
pr i n  c i pa 1 hea t i n q  

a u x i l i a r y  h e a t i n g  
I '1 c o u n t e r  hea t  
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